Purpose: To determine the inter-reader agreement of magnetic resonance imaging proton density fat fraction (PDFF) and its longitudinal change in a clinical trial of adults with nonalcoholic steatohepatitis (NASH). Study type: We performed a secondary analysis of a placebo-controlled randomized clinical trial of a bile acid sequestrant in 45 adults with NASH. A six-echo spoiled gradient-recalled-echo magnitude-based fat quantification technique was performed at 3 T. Three independent readers measured MRI-PDFF by placing one primary and two additional regions of interest (ROIs) in each segment at both time points. Cross-sectional agreement between the three readers was evaluated using intra-class correlation coefficients (ICCs) and coefficients of variation (CV). Additionally, we used Bland-Altman analyses to examine pairwise agreement between the three readers at baseline, end of treatment (EOT), and for longitudinal change. Results: Using all ROIs by all readers, mean PDFF at baseline, at EOT, and mean change in PDFF was 16.1%, 16.0%, and 0.07%, respectively. The 27-ROI PDFF measurements had 0.998 ICC and 1.8% CV at baseline, 0.998 ICC and 1.8% CV at EOT, and 0.997 ICC for longitudinal change. The 9-ROI PDFF measurements had corresponding values of 0.997 and 2.6%, 0.996 and 2.4%, and 0.994. Using 27 ROIs, the magnitude of the bias between readers for whole-liver PDFF measurement ranged from 0.03% to 0.06% points at baseline, 0.01% to 0.07% points at EOT, and 0.01% to 0.02% points for longitudinal change. Conclusion: Inter-reader agreement for measuring wholeliver PDFF and its longitudinal change is high. 9-ROI measurements have only slightly lower agreement than 27-ROI measurements.
magnitude reconstruction (MRI-M). As MRI-C is not available on all scanners, MRI-M is preferred for multicenter clinical trials. Prior studies have shown that MRI-M estimates hepatic PDFF accurately with respect to MR spectroscopy and liver biopsy [2, 9, [12] [13] [14] , with high precision within the same scanner [15, 16] , at different field strengths [9, 17] , and across scanner platforms [17] . Due to its excellent diagnostic accuracy and reproducibility, PDFF estimated by MRI-M has been used as an endpoint in several single-center [3, [18] [19] [20] [21] [22] and multicenter [23, 24] clinical trials.
Whole-liver PDFF is measured by averaging the PDFF values from multiple regions of interest (ROIs) placed manually by image analysts (readers) in different parts of the liver [1, 15, 21, 23] . A multiple-ROI approach is used to avoid sampling variability because the spatial distribution of liver PDFF is nonuniform [25, 26] . Placement by readers is needed because automated methods to place ROIs are not readily available on most scanners. The optimal ROI-based sampling strategy is not yet established, with either one ROI [21, 27] or three ROIs [18, 28, 29] being placed per Couinaud segment. The exact placement was left to the readers' discretion, which is inherently subjective and may introduce a source of variability. Although inter-reader agreement for PDFF measurement has been assessed for MRI-C in adult healthy volunteers [30] and in adults with mixed liver disease [31] , inter-reader agreement for PDFF measurement has not been assessed for MRI-M despite its relevance for clinical trials. Moreover, until now, reader agreement studies have focused on cross-sectional PDFF measurement in adult healthy volunteers [30] or adults with mixed liver disease [31] ; the inter-reader agreement for PDFF measurement in adults with nonalcoholic steatohepatitis (NASH) and for longitudinal PDFF change is unexamined.
Therefore, the primary purpose of this study was to assess inter-reader agreement for MRI-M PDFF measurement cross-sectionally, for its longitudinal change in adults with NASH participating in a prospective clinical trial, and to examine the influence of individual readers on the results of a previously published clinical trial. A secondary purpose was to assess inter-reader agreement in individual liver segments.
Materials and methods

Study design
This was a secondary cross-sectional and longitudinal analysis of MRI-M PDFF data collected prospectively at baseline and end of treatment (EOT) as part of a clinical trial in adults with histology-confirmed NASH randomized to receive a bile acid sequestrant or placebo [18] for 24 weeks. Patients enrolled in that clinical trial were expected to undergo confounder-corrected, CSE, MRI-M at baseline and EOT, with computation of PDFF at both time points. The clinical trial and this secondary analysis were approved by an Institutional Review Board and complied with the Health Insurance Portability and Accountability Act. Patients signed informed consent to participate in the trial and to have their MRI data analyzed.
Participants
Fifty patients were enrolled in the clinical trial between January 2010 and January 2011. Inclusion criteria for the trial were 18 years of age or older, 5% or greater MRI-M PDFF at time of enrollment, and biopsy-confirmed NASH within 6 months of randomization [18] . The trial was a double-blind placebo-controlled study of a medication's effect on liver PDFF in NASH patients.
For this secondary analysis, we identified all enrolled patients that had MRI at both baseline and EOT, as this provided the opportunity to analyze inter-reader agreement cross-sectionally at two time points, as well as to analyze inter-reader agreement for longitudinal change. Thus, patients were excluded from the secondary analysis if an MRI was not performed at either time points. Demographic, anthropometric, histologic, and drug allocation data were recorded as part of the clinical trial [18] . This secondary analysis was blinded to treatment or placebo status of patients as treatment response was not relevant to its purpose.
Imaging technique
Noncontrast scans were performed at 3 T (GE Signa EXCITE HDxt, GE Healthcare, Waukesha, WI). Patients were instructed to fast for 4 h prior to being scanned head first and supine, with an eight-channel phased-array abdominal coil centered over the liver. A dielectric pad was placed between the coil and the abdominal wall to reduce shading from B1 heterogeneity. A six-echo spoiled gradient-recalled-echo magnitudebased fat quantification technique was performed with parameters listed in Table 1 . A low flip angle was used to minimize T1 bias [32] . Echoes were acquired at six nominally out-of-phase and in-phase TEs from 1.15 to 6.9 ms to permit correction for R2* signal decay and chemical-shift-based separation of fat and water signals, assuming water to be the dominant component in the liver. Field of view and matrix size were adjusted to ensure the entire liver was imaged within one breath-hold, although there were two cases where two breath-holds were required to image the entire liver. Parallel imaging was not used as the version available at the time was prone to artifact, especially in obese adults. source images pixel by pixel. This algorithm assumes exponential R2* signal decay across the six TEs. It models water as a single peak at 4.7 ppm with fat being a multi-component signal [6, 7] 
Readers
For this study, three independent readers not involved in the initial clinical trial analyzed the images. One reader (J.C.H.) had 1 year of experience in MRI-M PDFF analysis (''experienced'' reader), while the other two readers (C.C.P. and S.L.) were medical students who received 8 h of PDFF analysis training by the senior reader and 30 h of supervised practice (''novice'' readers). The training and practice sessions were done on imaging datasets from patients not involved in this clinical trial.
Image analysis
Each reader was instructed to place three circular ROIs (1 cm radius) in each of the nine segments of the liver (a total of 27 ROIs) on each baseline and each EOT scan (in a paired fashion), while avoiding edges of the liver, segmental boundaries, vessels, and artifacts. 27 ROIs were used to match the analysis done in the clinical trial [18] . ROIs of this size and shape were selected to match the methods reported in recent clinical trials using MRI-PDFF as an endpoint [19, 21, 23, 24] . The first ROI in each segment was placed as centrally as possible within the segment. The readers understood that this central ROI would be considered primary, to be taken as the single ROI in the segment if they were doing a nine-ROI per liver analysis. The remaining two ROIs per segment were considered secondary; these were placed in a similar location as the primary ROI on the slices immediately above and below if the segment was large enough to allow this, and on the same slice otherwise.
ROIs were placed on source images rather than PDFF maps to reduce feedback bias. The readers were also instructed to judge individually, among the six source images at different TEs, the best source image for ROI placement based on the image that most clearly demonstrated the hepatic anatomy. In most cases, this was the fifth echo (TE = 5.75 ms) image, although in some cases an earlier out-of-phase echo image was used if it was determined by the reader to provide better anatomic visualization. The echo chosen was not recorded. Each reader took between 1 and 3 weeks to complete ROI placement for all exams.
After placing all 27 ROIs on the baseline scans, ROIs were placed on the same locations of the corresponding source images on the EOT scans using anatomic landmarks. After verifying visually that the ROIs were colocalized at the two points, the ROIs were propagated to the corresponding PDFF maps, and the PDFF values for each ROI were exported to a database. ROIs were assigned identifiers by segment and whether they were considered primary or secondary. Figure 1 illustrates the ROI placement on the baseline PDFF maps of one patient by all three readers.
The readers were blinded to each other's results, to the results of the original clinical trial, and to whether patients were assigned to drug or placebo, but were not blinded to whether examinations were baseline or EOT.
Identifying ROIs with outlier values and reviewing ROI placement
The experienced reader identified outlier PDFF values in the dataset using the following approach: for each exam, the mean of all 27 ROIs from all three readers was averaged (81 ROIs total), and the difference between this mean, and each individual ROI PDFF value was taken. An absolute difference of more the 5% was then used to define outliers. A difference of 5% was chosen based on the segmental PDFF variation reported in previous studies [25, 26, 33] . The experienced reader then visually examined all ROIs with outlier PDFFs for incorrect placement (outside the liver, outside the intended segment, on a vessel large enough or artifact severe enough that in experienced reader's judgment should be excluded from the ROI). Placement errors were recorded, but ROIs were not moved even if placed incorrectly (i.e., the original values were used in the analyses).
Statistical analyses
Study patients were summarized descriptively. Crosssectional agreement between the three readers was evaluated using intra-class correlation coefficients (ICCs) and coefficients of variation (CV) for dependent data, both with bootstrap-based 95% confidence intervals. These agreement metrics were computed at baseline and EOT for each segment based on the primary ROI, for the average of nine segments based on the primary ROI, and for the average of all 27 ROIs. Longitudinal agreement between the three readers was evaluated using only ICC with 95% confidence intervals; CV was not computed as it is problematic for assessing measures roughly symmetric around 0, such as longitudinal PDFF changes in a clinical trial which may be positive or negative. Additionally, we used Bland-Altman analyses to examine pairwise agreement between the three readers for 9-ROI and 27-ROI whole-liver PDFF measurement at baseline, EOT, and for longitudinal change. BlandAltman plots were generated. Bland-Altman biases and their p values, standard deviations, and 95% limits of agreement (LOA) were computed. p values were not adjusted for multiple comparisons to maximize sensitivity for detecting potential biases between readers. Additionally, CVs for dependent data were computed for each pairwise comparison at baseline and at EOT. CVs for PDFF change were not calculated for the reason explained above.
To explore the impact on reader agreement of misplaced ROIs (outside the liver or on a large vessel), we first identified the segment with the most outlier ROI values due to misplacement and then recomputed the ICCs and CVs for that segment after removing those misplaced ROIs. We selected the segment with the most misplaced ROIs to provide an upper bound estimate; the impact of outliers would be smaller for any other segment and for whole-liver (9-ROI and 27-ROI) PDFF measurements.
Finally, we have repeated one of the main analyses of the clinical trial: a comparison of pre-to post-treatment changes in PDFF between the treatment and placebo groups, using the PDFF results from each of the three readers.
Results
Patient characteristics
Fifty patients were enrolled in the parent clinical trial, of whom 45 (21 male, 24 female) completed both baseline and EOT MRI exams and were included in our analysis. Mean (± standard deviation) age was 47.9 ± 11.3 years. Mean body mass index was 31.3 ± 4.9 kg/m 2 . Using all ROIs from all readers, mean whole-liver PDFF was 16.1% (range 4.7%-33.8%) at baseline and 16.0% (range 4.5%-30.5%) at EOT. Mean change in whole-liver PDFF was -0.07% ± 6.41% (range -17.35% to 12.06%). Using only the primary ROIs from all readers, mean individual-segment PDFF values ranged from 14.8% (segment 2) to 16.8% (segment 8) at baseline and from 14.7% (segment 2) to 16.6% (segments 7, 8) at EOT. 
Inter-reader agreement for measuring PDFF cross-sectionally
ICCs and CVs for whole-liver (9-and 27-ROI averages) and individual-segment PDFF measurements at baseline and at EOT are summarized in Table 4 .
Whole liver
At baseline, the ICC for the 9-ROI whole-liver PDFF measurement was 0.997 while the CV was 2.6%. The ICC for the 27-ROI whole-liver PDFF measurement was 0.998 while the CV was 1.8%. At EOT, the ICC for the 9-ROI whole-liver PDFF measurement was 0.996 while the CV was 2.4%. The ICC for the 27-ROI whole-liver PDFF measurement was 0.998 while the CV was 1.8%.
Individual segment
At baseline, the ICCs for primary-ROI single-segment PDFF measurements ranged from 0.957 to 0.990 while CVs ranged from 9.5% to 4.9%, depending on the segment. At EOT, the ICCs for primary-ROI single-segment PDFF measurements ranged from 0.943 to 0.992 while CVs ranged from 10.8% to 3.7%, depending on the segment. Segments 7 and 8 nominally had the highest ICCs at baseline (0.988 and 0.990, respectively) and EOT (0.992 and 0.988, respectively) as well as the lowest CVs at baseline (5.1% and 4.9%, respectively) and EOT (3.7% and 4.7%, respectively). In contrast, segments 1 and 2 nominally had the lowest ICCs at baseline (0.965 and 0.957, respectively) and EOT (0.955 and 0.943) as well as the highest CVs at baseline (8.6% and 9.5%, respectively) and EOT (9.0% and 10.8%, respectively).
Inter-reader agreement for measuring PDFF change longitudinally
ICCs for whole-liver (9-and 27-ROI averages) and individual-segment PDFF-change measurements are summarized in Table 4 . The ICC for the 9-ROI whole-liver PDFF-change measurement was 0.994. The ICC for the 27-ROI wholeliver PDFF-change measurement was 0.997. The ICC for primary-ROI single-segment PDFF-change measurements ranged from 0.893 to 0.988, depending on the segment. Segments 6 and 7 nominally had the highest ICCs (0.982 and 0.988, respectively), while segments 1 and 2 nominally had the lowest (0.951 and 0.893, respectively).
Bland-Altman analyses
The results of the Bland-Altman analysis for pairwise inter-reader agreement are summarized in Table 5 .
Using 9 ROIs, the magnitude of the bias between readers for whole-liver PDFF measurement ranged from 0.08% to 0.16% points at baseline, 0.01% to 0.05% points at EOT, and 0.04% to 0.12% points for longitudinal change. CVs ranged from 2.04% to 2.93% at baseline and 2.37% to 2.57% at EOT.
Using 27 ROIs, the magnitude of the bias between readers for whole-liver PDFF measurement ranged from 0.03% to 0.06% points at baseline, 0.01% to 0.07% points at EOT, and 0.01% to 0.02% points for longitudinal change. CVs ranged from 1.68% to 1.90% at baseline and 1.73% to 1.93% at EOT.
Of the 18 pairwise inter-reader bias comparisons, only one was significant: the 0.16%-point bias between the two novice readers for baseline PDFF using 9 ROIs. Figure 2 shows Bland-Altman plots for baseline and for longitudinal change measurements. EOT data plots (not shown) are similar to the baseline data plots. Table 4 . Agreement between readers at baseline, at end of treatment (EOT), and for longitudinal change at whole-liver level using 27 ROIs, at wholeliver level using 9 ROIs, and at segmental level using 1 ROI (the primary ROI) 
ROIs with outlier PDFF values
Out of 7290 ROIs placed (45 patients 9 2 time points 9 27 ROIs per patient 9 3 readers), 241 (3.3%) ROIs had outlier PDFF values. Most outlier ROIs (186/ 241, 77%) were verified as being appropriately positioned on retrospective review by the experienced reader, being entirely surrounded by liver tissue, being entirely contained within the intended segment, and not overlying a major blood vessel or artifact. The other 55/241 (23%) were improperly positioned (i.e., 0.7% of all ROIs, 55/7290). For each reader, the most common type of misplacement was inclusion of (Table 6 ); 38 of the 55 (69%) incorrectly placed ROIs were in the left lobe of the liver, 10 (18%) in the right lobe, and the remaining 7 (13%) in the caudate lobe. Segment 2 had the most outliers (N = 21): 14 of the 21 (67%) were placed in the heart and 7 of the 21 (33%) were placed on a major blood vessel; 3 of the misplaced ROIs were considered primary by the reader. In a post hoc analysis of the primary ROI for segment 2, ICCs improved from 0.957 to 0.970 at baseline, 0.943 to 0.947 at EOT, and 0.893 to 0.943 for longitudinal change; CVs improved from 9.5% to 8.1% and 10.8% to 10.5% at baseline and EOT, respectively.
Inter-reader agreement on results of clinical trial
The result of the clinical trial was confirmed by each reader, with mean differences in PDFF change between treatment and placebo groups of 5.4%-5.8%, similar to the 5.6% mean difference reported by the clinical trial [18] The differences between change in treatment and change in placebo groups were significant at all segments and ROI averages for each reader. Table 7 details the differences for each reader in each segment, using an average of 9 ROIs, and using an average of 27 ROIs.
Discussion
Key findings
In this secondary analysis of adults with NASH participating in a clinical trial, we found that inter-reader agreement for whole-liver and segment-level PDFF measurement using MRI-M was high cross-sectionally at both baseline and EOT as well as longitudinally. Using three readers of varying experience, both the 9-and the 27-ROI methods achieved inter-reader ICCs > 0.995 and CVs < 3% for measuring PDFF cross-sectionally as well as ICCs > 0.990 for measuring PDFF change longitudinally. In pairwise comparisons of readers, all Bland-Altman biases were < 0.2% points in magnitude and all CVs were < 3%. Compared to the 9-ROI method, the 27-ROI method provided slightly higher ICC point estimates and slightly narrower CV point estimates. With one exception, all segment-level PDFF cross-sectional measurements achieved ICCs > 0.950 and CVs < 10% for measuring PDFF cross-sectionally at both time points as well as ICCs > 0.950 for measuring PDFF change longitudinally. The exception, segment 2, had the most ROIs with outlier PDFF values and the most misplaced ROIs, which may explain its wider reader variability. Removing the misplaced ROIs in a post hoc analysis improved the ICCs and CVs for segment 2, but it continued to have wider reader variability than almost every other segment. Segments 1 and 2 also had relatively low inter-reader reproducibility. Thus, the segments with the widest reader variability were in the caudate or in the left lateral sector. 
Reproducing results of the clinical trial
For each of the readers, we found the difference between PDFF changes in treatment and placebo groups to be similar to those found in the clinical trial [18] , between a 4% and 6% difference depending on the segments. The pattern of significances was similar across segments and the main (overall) result of the trial was confirmed by each reader. Minor discrepancies between individual readers had no effect on the conclusion of the clinical trial.
In context of the existing literature
Previous studies have demonstrated the accuracy [2, 8, 32, 33] , repeatability [15, 16, 26, 33] , and reproducibility of MRI-PDFF across different field strengths (1.5 and 3.0 T) [9, 17] , scanner platforms [17, 30] , and body habitus [5, 9] , but until recently, the reproducibility across readers was unexamined. Two new studies assessed inter-reader agreement cross-sectionally with MRI-C PDFF. Using data from 24 adult volunteers (mean PDFF 4.87%, standard deviation 4.59% for the GE scanner) scanned on multiple scanner platforms, Serai et al. [30] reported inter-reader agreement ICC values from 0.966 to 0.995 among five readers for measuring MRI-C PDFF. Campo et al. [31] evaluated the inter-reader agreement of different ROI sizes and numbers (up to 9) for MRI-C PDFF estimation in a composite cohort (mean PDFF 5.9%, SD 8.8%) comprising 19 healthy subjects, 34 adults with a clinical indication for abdominal MRI, and 37 adults with suspected iron overload. They found that inter-reader agreement improved as the liver sampling area increased through the use of larger and/or more ROIs. With 9 ROIs comparable in size to ours, the Bland-Altman LOA were 1.5%. Our results extend the findings of these two studies to a clinical population of adults with histology-confirmed NASH with a wider range of PDFF values assessed by a magnitude reconstruction technique comparable to that used in several recent clinical trials [18, 19, 21, [27] [28] [29] . Moreover, our study examines the inter-reader agreement not only for cross-sectional measurements but also for measuring longitudinal PDFF change, which is relevant for applying MRI-PDFF as an endpoint in clinical trials.
Although our study did not compare MRI to other methods, the inter-reader agreement reported here for MRI-M compares favorably to the inter-reader agreement among pathologists for scoring steatosis on biopsy (js ranging from 0.62 to 0.88 [34] [35] [36] , or an ICC of 0.65 [37] ) and for radiologists in scoring steatosis on ultrasound (j of 0.54) [38] . This may be because of the qualitative and subjective nature of these other scoring systems.
Implications
The high agreement between readers for measuring PDFF cross-sectionally and its change longitudinally suggests that multiple readers can be used to measure PDFF in clinical trials and for clinical care. A 9-ROI sampling approach generally suffices as reader agreement remains relatively high, with much lower reader burden than the 27-ROI approach. We do not recommend a single-ROI approach, but if such an approach is applied, we recommend avoiding segments 1-3, which had the worst reader agreement. Our study was not designed to determine the causes of reader variability. Plausible explanations for the lower reproducibility in segments 1-3 are that these segments have higher spatial variability in PDFF distribution as reported by Bonekamp et al. [25] ; are smaller, which makes it more difficult to place ROIs within liver boundaries while avoiding vessels and artifacts; and are more prone to having artifacts from heart motion. Additionally, source images are acquired with low flip angle to reduce T1 weighting. While the resulting images are suitable for fat quantification, they provide little contrast between organs. As a result, portions of the liver (especially segment 2) can blend with adjacent structures such as the heart and spleen. This can cause malpositioning of ROIs outside the liver. To avoid these errors, readers should be trained on recognizing the liver boundaries, especially around the caudate and left lateral sector, even when the interfaces between the liver and other organs are not clearly visible. We speculate that using multiplanar reformats may help ROI placement, but this was not tested in this study.
Limitations
Our study has several limitations. This was a singlecenter study performed on a single scanner at a tertiary academic center with expertise in the performance of the applied CSE-MRI technique, which may limit study generalizability to cohorts in other geographical regions or to other centers. Another limitation is that we did not assess the effect of ROI size on inter-reader agreement, although the ROI size used in this study is commonly used in clinical settings and has been used in at least nine prior published studies on PDFF [1, 2, 9, 13, 15, 16, [39] [40] [41] . Additionally, two of the readers were trained by the experienced reader, which may have introduced training bias and underestimation of inter-reader variability. Finally, intra-reader agreement was not assessed. Although intra-reader agreement is likely to be similar or higher, a direct comparison of intra-and inter-reader agreement would help determine the proportion of reader variability that is attributable to different readers. Hong and colleagues recently suggested that a 4-ROI selection strategy with two ROIs in the left lobe and two in the right lobe is a reasonable compromise between reader burden and comprehensive liver sampling; future work is needed to assess the inter-reader agreement for the 4-ROI approach. We also did not assess agreement for longitudinal change when one reader measures PDFF at baseline and an another at EOT. Finally, we did not rereview all 7290 ROIs for misplacement, only the 241 with outlier values as defined.
Conclusion
In conclusion, our study demonstrates high inter-reader agreement for measuring hepatic PDFF cross-sectionally and its change longitudinally. This suggests that when using the 9-ROI and 27-ROI methods in clinical and research settings, inter-reader agreement is sufficiently high to allow for multiple readers without meaningful variations in PDFF measurement.
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